Betula pendula subsp. fontqueri, present in the south of Spain, has been considered in danger of extinction and, for this reason, some regional governments in Spain have included their populations in conservation programmes. In order to establish the genetic structure of the Betula pendula subsp. fontqueri populations, a random amplified polymorphic DNA (RAPD) analysis was carried out. Two B. pubescens populations were included in the study as taxonomic controls. B. pendula subsp. fontqueri populations were clearly differentiated through UPGMA, and showed significant pairwise genetic distance (Φ ST ) values between all pairs of populations obtained by AMOVA. Genetic diversity found between populations was not correlated to geographical distances. The significant differences among populations must be due to progressive isolation of Betula populations along their paleogeographical history, and more recently to the drastic fragmentation and reduction of some of these populations. The results obtained in this work show clear genetic differences which could be considered in the management of conservation strategies for Betula pendula subsp. fontqueri in its Iberian meridional distribution.
Introduction
The genus Betula is represented in Europe by four species, of which two are trees: B. pubescens Ehrh. (= B. alba L., according to Moreno & Peinado, 1990) and B. pendula Rothm. Betula pubescens is the most widely distributed taxon. It is found in the north of Europe and Asia. Its southernmost limit reaches some areas of the Iberian Peninsula. B. pendula is also distributed throughout most of Europe, being confined to mountains in the south. It also appears in the south of Asia (W Siberia, Iran, Anatolia) and north of Africa. A number of subspecies and varieties have also been recognised at different taxonomic levels in the past few decades.
In Spain, Betula pubescens is distributed throughout the northwest quarter of the Iberian Peninsula and the western half of the Pyrenees; while B. pendula populations occur along the eastern half of the Peninsula. B. pendula subspecies fontqueri is found mainly in scattered localities in the centre and SE mountains of Spain. It is also possible to find some relictic populations in mountains of Morocco (Moreno and Peinado 1990) . Two varieties have been recognized within this subspecies (Moreno and Peinado 1990) . The variety fontqueri may be found in the mountains of the 'Sistema Central' (in the center of the Peninsula) and in the mountains of the south of the country ('Sierra Nevada' and 'Sierras of Cazorla, Segura and Las Villas'). Its populations appear scattered and a significantly reduced number of individuals are found. The other variety of the subspecies fontqueri, var. parvibracteata, occurs in 'Montes of Toledo' and 'Sierra Morena' (in the centre of the country). In many cases, the distribution border between both varieties of the subspecies is not very clear.
Morphologically, B. pubescens differs from B. pendula mainly in the hairiness of young twigs and nutlets; which are glabrous in B. pendula, and often hairy in B. pubescens. Hence, the main difference that distinguishes the two B. pendula subspecies is: in subsp. fontqueri the fruit wings are overtopped by the styles; while in subsp. pendula wings are longer, or as long as the styles.
Betula pendula subsp. fontqueri reduced distribution (relictic populations, isolated in mountain areas) together with its low density, which has even been reduced in the last years, has resulted in its inclusion in the Red List of Plants of the IUCN, classified as endangered (IUCN 2001 ). The number of individuals in most of these populations reaches only a few hundred, although some populations can be made up of a few thousand. This situation reaches a critical level in 'Sierras of Cazorla, Segura and Las Villas' where all the populations amount to less than fifty trees. The localization of these populations in different Regional Government protected areas ('National Park of Sierra Nevada' and 'Natural Park of Sierras of Cazorla, Segura and Las Villas' in Andalusia -both of them are also biosphere reserves -and 'National Park of Cabañeros', in Castilla-La Mancha) has served to give a certain degree of protection to this subspecies. Yet, the lost of B. pendula subsp. fontqueri individuals urges for the development of more direct measures to preserve these populations. Some steps have already been taken; for instance, the Andalusia Regional Government has included the preservation of populations of this taxon as a priority in its conservation programs and recovery plans (Hernández Bermejo and Clemente Muñoz 1994, Blanca et al. 1999) .
It is well known that it is essential to determine genetic diversity and structure of natural plant populations in order to assess conservation strategies (Holsinger and Gottlieb 1991) . Not only for conservation purposes, but also to design rational ways of economic exploitation, knowledge of the extent and distribution of genetic variation may become a very helpful tool (Holsinger and Gottlieb 1991) .
The study of B. pendula subsp. fontqueri populations in Spain can be of special interest to establish an adequate conservation strategy, which could match their potential use in the south of Spain. Due to its invasive nature in degraded habitats, and its ornamental value, its use for reforestation is increasing. Other traditional uses of the species are for timber production, and as a source of diverse substances with a wide range of applications, mainly in the pharmacological industry. The use of all these products, in a sustainable way, can contribute to the maintenance of the endangered populations of this taxon.
Different methods of DNA fingerprinting have proved to be useful, with a wide range of appli-cations in plant population studies, such as the detection of genetic variation within and between populations, the characterisation of clones, the analysis of breeding systems, and the analysis of ecogeographical variation (Weising et al. 1995) . One of the most commonly used methods is the PCR-derived RAPD (random amplified polymorphic DNA) (Williams et al. 1990) , which has been employed in many plant population structure studies in recent years (reviews in Bartish et al. 1999 , Bussell 1999 , Nybom and Bartish 2000 , Nybom 2004 , Romeiras et al. 2007 ). Although RAPDs have been questioned, mainly due to their lack of reproducibility, several authors have shown that these problems may be solved provided that an appropriate amplification protocol is carefully followed (Parker et al. 1998) . Besides, this technique offers two key advantages, firstly, it does not need large amounts of DNA for amplification reactions; and secondly, no previous knowledge of DNA sequences is required, which is quite interesting when working with wild plant species, for which this kind of information is unknown.
Therefore, the RAPD technique is widely employed in genetic structure population studies for many different plant species (Nybom 2004 , Wesche et al. 2006 , including some Betula species: B. alnoides (Zeng et al. 2003) , and B. maximowicziana (Tsuda et al. 2004) .
In the present study, a genetic analysis of individuals from different populations of B. pendula subsp. fontqueri from the Iberian Peninsula has been carried out. Some populations of a closely related taxon have been included (B. pubescens from the mountains in the centre of the Peninsula) to establish taxonomic differences and relatedness. The genetic study of the population structure of B. pendula subsp. fontqueri in Spain must be of great value for the establishment of a conservation strategy.
Materials and Methods

Plant Material
Ninety-four plants from six populations of B. pendula subsp. fontqueri were studied to assess their genetic variability. Five of them belonged to variety fontqueri and one population corresponded to variety parvibracteata (population from Riofrío). Twenty samples (ten per population) from two populations of the other Spanish Betula species, B. pubescens, were included in the study. These two populations were chosen due to their sharing the same distribution area as the B. pendula populations studied. Details of the populations are given in Table 1 , and their geographical location is represented in Fig. 1 . 
DNA Isolation
DNA was extracted from a small amount of tissue (20 mg approx.) of young leaves from single individuals using a modifi cation of the cetyltrimethylammonium bromide (CTAB) protocol described by Gawel and Jarret (1991) . The obtained DNA pellet was redissolved in 100 µL of sterile distilled water. DNA concentrations were estimated by a Hoefer TKO 100 DNA fl uorometer. The reaction mixture was overlaid with a drop of mineral oil. Amplifi cation was performed in a DNA Thermal Cycler PTC-100 TM (MJ Research Inc.) programmed as follows: one cycle of 1 min at 94 °C, 35 cycles of 30 s at 92 °C, 1 min at 37 °C and 2 min at 72 °C, and fi nally one cycle of 3 min at 72 °C. Aliquots of 12 µL of amplifi cation products were loaded on to 1.5% (w/v) agarose gels for electrophoresis in 1 × TBE buffer (Sambrook et al. 1989) , followed by staining in ethidium bromide. The gels were visualised and photographed under UV light. Molecular weights were estimated by reference to a 100 Base-Pair Ladder (Pharmacia). All the amplifi cations were repeated at least twice, and only bands reproducible in several runs were considered for analysis.
PCR and Electrophoresis
Data Analysis
Specifi c amplifi cation products were scored as present (1) or absent (0). The Jaccard coeffi cient (Rohlf 1992) was employed to create the similarity matrix in order to construct a dendrogram by the UPGMA method (Rohlf 1992) . Genetic diversity was estimated using Shannon's information measure (Lewontin 1972 ) H' = -Σp i log 2 p i , where p i is the frequency of a given RAPD fragment. Shannon index was calculated for two levels: the average diversity within populations (H' pop ), and the diversity within species (H' sp ). The proportion of diversity within populations can then be estimated as H' pop / H' sp , and the proportion of diversity among populations
In addition, the analysis of molecular variance (AMOVA) (Excoffier et al. 1992 ) was implemented to estimate variance components for RAPD phenotypes, partitioning the variation among populations and among individuals within populations. The vector of marker presence/absence states for each individual was used to compute the distance metric D = 100 (1 -F) for all pairs of individuals, where F is Nei and Li's (1979) estimator of similarity (F = 2n xy / n x + n y ), n x and n y being the total number of markers observed in individuals x and y, respectively, and n xy the number of markers shared by the two individuals. The resulting distance matrix was subjected to AMOVA analysis. The significance level of variance component estimates was computed by non-parametric permutation procedures. Pairwise Φ ST distances (analogous to F-statistics at the molecular level; Excoffier et al. 1992) were calculated among populations, and their level of significance were also tested by a permutation procedure. All analyses were undertaken with AMOVA version 1.55, provided by Laurent Excoffier (Genetics and Biometry Laboratory, University of Geneva, Switzerland). A Mantel matrix correspondence test was used to analyse correlation between genetic (Φ ST values) and geographical distances among populations.
The use of Φ ST values allowed for the estimation of the effective number of migrants (N m ) between populations [N m = ¼ (1 / Φ ST -1)] as an estimator of gene flow (Freitas and Brehm 2001, Wright 1951 ).
Results
The RAPD Profile
A total of 101 markers (monomorphic as well as polymorphic) obtained with the six primers were used for the analysis of the 114 samples from the eight populations belonging to the two species studied. From them, 83 markers were found in B. pendula and 81 in B. pubescens. Sixty-two bands (61.2%) were shared by both species, seven of them being present in all the individuals.
Considering only the markers found in B. pendula, 10.89% (11 markers) were monomorphic, including the seven monomorphic for both species. Thirty one out of 83 markers present in B. pendula (37.35%) were shared by all the populations, while two markers (2.4%) were exclusive to Riofrío population, three (3.61%) were found only in Sierra Nevada population and other two (2.4%) in Somosierra; however, no exclusive markers were found in any of the populations from the protected area 'Sierras of Cazorla, Segura and Las Villas'. From the 81 markers found in B. pubescens, 24.69% (20 markers) were monomorphic and 49.38% (40) were shared by the two studied populations of this species. One of the monomorphic markers found in B. pubescens samples was exclusive for this species; however, no specific marker for B. pendula was found. Table 2 summarised the total number of markers observed for each population from each species, and the number of monomorphic and specific markers in each case.
Cluster Analysis
The dendrogram obtained by the UPGMA method from the 101 markers scored in the 114 samples of B. pendula and B. pubescens is shown in Fig. 2 . Except in two cases, all the individuals showed a unique RAPD phenotype. The exceptions were found in two individuals from Pontones (P3 and P4) which had a 100% similarity, and other two individuals from Somosierra (S7 and S8). Samples of the two B. pubescens populations included in the study were clearly separated from the B. pendula individuals. At the same time, each of these two populations presented clear differences one from the other, clustering in different groups. The highest homogeneity between individuals observed in all the populations studied was found in one of these B. pubescens populations, La Ventilla, with a level of similarity of 84%. In contrast, the other population of the same species, Canencia, showed the lowest similarity level within a given population.
The main cluster, which included all the B. pendula populations, was clearly subdivided into two groups, one containing all samples from the Sierra Nevada population (group A), and the other with the individuals from the other populations: Somosierra, Riofrío, Aguascebas, Acebeas and Pontones (group B). From all the B. pendula populations, Sierra Nevada showed the highest homogeneity between individuals (79% level of similarity).
Group B has three subgroups: B1, B2 and B3. Subgroup B1 corresponded to Somosierra individuals; subgroup B2 contained all the samples from Riofrío, which belongs to a different variety (var. parvibracteata) than the other B. pendula populations that correspond to var. fontqueri. Subgroup B3 clustered all the samples from Pontones, Acebeas and Aguascebas, and only Pontones samples were clearly separated in a cluster; individuals from the other two populations clustered together. The high similarity of these samples can be explained since the three populations belong to the same region (Sierras of Cazorla, Segura and Las Villas), included in a same protected area and very close each other.
Genetic Variation within and among Populations
Genetic variation in B. pendula subsp. fontqueri populations was estimated through Shannon's information measure and AMOVA. The two smallest populations considered in this work, Acebeas and Aguascebas, were excluded due to their extremely low number of individuals; their inclusion could result in a biased analysis. Therefore, the populations finally included in the analyses were Pontones, Riofrío, Somosierra and Sierra Nevada.
Estimates of Shannon's index of phenotypic diversity resulted in a mean diversity within the species (H' sp ) equal to 3.5780. The mean diversity within populations resulted in 1.1293, and the lowest level of within-population variability was found in Pontones population (H' = 0.7). In addition, the highest diversity was found in Riofrío, the only population of var. parvibracteata, with H' = 1.5457. Therefore, the proportion of the diversity within populations (H' pop / H' sp ) was 36.38%, whereas the diversity among populations ([H' sp -H' pop ] / H' sp ) resulted in 63.62% of the total diversity.
AMOVA obtained from the distance matrix (Table 3) showed highly significant (P < 0.001) genetic differences among populations and among individuals. Estimation of genetic variation by AMOVA revealed that 64.22% of total variation was found among populations, and 35.78% within populations. These results are very similar to that obtained with Shannon´s measure.
Relationships between Populations
The genetic distances among populations obtained from the AMOVA (distances = Φ ST between pairs of populations) showed large differences among populations, even when considering populations that clustered together. The level of genetic distance was in all cases very high and quite similar among all the different populations, ranging from 0.7106 (genetic distance between Sierra Nevada and Pontones) to 0.5927 (distance between Riofrío and Sierra Nevada) (Table 4) . It is possible to consider every population clearly differentiated, since all distances between pairs of populations were significantly different from zero. Geographic distance did not explain the genetic distance among populations since the matrix of genetic distances among the four populations was not correlated with the corresponding matrix of geographic distances (Mantel Test: r = -0.431; p = 0.18), a result that can be observed in the data of Table 4 . Furthermore, the geographically closest populations (Pontones and Sierra Nevada) had the highest genetic distance.
Nm values are shown in Table 5 . They were always lower than 1.0, suggesting a low level of gene flow between populations.
Discussion
The analyses of RAPD markers through different methods (cluster analysis, Shannon´s index and AMOVA) have revealed very similar interpretations of the genetic structure of the populations considered.
The populations of Betula pubescens included in this work were selected because of their geographical proximity to some of the B. pendula subsp. fontqueri studied. The results clearly separated B. pubescens and B. pendula populations, also showing a clear genetic differentiation between both B. pubescens populations.
The level of genetic diversity found in the B. pendula subsp. fontqueri populations from the Iberian Peninsula studied in this work might be considered high, since the 89.11% of RAPD´s markers obtained were polymorphic. This result is in accordance with the studies of other Betula species. Zeng et al. (2003) , in their study of Betula alnoides populations, found that 64.1% of the RAPD markers were polymorphic. In this work, similar results from Betula platyphylla (Gao et al. (Zeng et al. 2003) , since they are long-life perennial plants with outcrossing reproduction. Populations of B. pendula subsp. fontqueri can be clearly distinguished from the dendrogram obtained. But only the three populations included in the protected area 'Sierras of Cazorla, Segura and Las Villas' clustered together. Within this cluster, it is possible to distinguish a well-defined group, containing all the samples from Pontones population; while samples from the other two populations of the area appear mixed. Another data obtained from the cluster, and corroborated by Shannon's index, is that Pontones shows the lowest within-population diversity. The high similarity found between individuals from this population could be due to its allegedly anthropic origin. In this case, the initial material could derive from one of the closest populations (probably Acebeas or Aguascebas), and thus explaining the close genetic relationship that is reflected in the dendrogram.
The observed difference between Sierra Nevada population and the other populations is very significant. Even the only var. parvibracteata population included in this work (Riofrío population) turned out to be more closely related to the other var. fontqueri populations than Sierra Nevada population. These unexpected results call for a special consideration of the Sierra Nevada population for conservation purposes. Likewise, a revision of the taxonomic consideration of Riofrío population would be helpful.
The study of the structure of the populations revealed an unusual distribution of the total diversity, within and among populations, for an outcrossing species. The level of diversity among populations, obtained from both Shannon's index and AMOVA, was near 60%. It is usually expected that long-lived outcrossing tree species retain most of their genetic variation within populations, but a wide and continuous range of distribution is necessary (Hamrick et al. 1992) . Studying an outcrossing species (Aconitum lycoctonum), Utelli et al. (1999) found that the percentage of variation among populations did not completely correspond to the expected values for the breeding systems analysed. Not only the reproductive characteristics, but also data on ecogeographical differences and natural history of populations have to be considered, since they can affect genetic diversity (Utelli et al. 1999) . In this sense, B. pendula populations considered in this work are geographically very distant from each other, and, in some cases, with important natural barriers separating them.
The history of the genus in the Iberian Peninsula could explain the high values of genetic distance between the B. pendula populations obtained in this work. During the Quaternary, the mountains of the Iberian Peninsula, and mountains of the south of Europe in general, were refugia for many species (not only plant but also animal species). The Betula populations in the Iberian Peninsula derived from those refugia are relictic populations. The isolation of these populations has contributed to the initiation of the process of taxonomic differentiation (Costa et al. 1997) . In this case, the existence of a geographical barrier as is the wide depression (Baza depression) between the protected area of 'Sierras of Cazorla, Segura and Las Villas' and Sierra Nevada, which implies an interruption in the distribution of the species, could explain the differences found between these populations. Another historical factor that may help to explain this difference is the isolation of Sierra Nevada mountains during the last glacial period.
The pairwise genetic distances (Φ ST ) between populations obtained in the AMOVA analysis confirm the clear differentiation among populations of B. pendula. All Φ ST values were significant and ranged from 0.5927 to 0.7106, with a mean value of 0.6403. This strong genetic differentiation among populations suggests that gene flow among the populations is very low. Genetic differentiation among populations has been reported in a number of other rare plant species and has been attributed to the absence of interpopulation gene flow (see Martin et al. 1999 ).
In similar genetic structure studies of other Betula species, the Φ ST values were significant lower than the values that we have found in B. pendula. Tsuda et al. (2004) (Wesche et al. 2006) , whose populations are strongly isolated. In this and other studies on alpine plants with high Φ ST values, these results were interpreted as evidence of prolonged isolation, assumed to date back to the last glacial period (Schönswetter et al. 2002 , 2004 , Reisch et al. 2003 , Wesche et al. 2006 . The history of the B. pendula populations in the Iberian Peninsula is in accordance with this explanation.
Although the genetic distances between B. pendula subsp. fontqueri populations in Spain are significantly high, these differences did not correlate with the spatial distance. Loveless and Hamrick (1984) found just a weak correlation between geographical range and population differentiation; and it must be considered that geographical differentiation is frequently related to environmental differences across the range of a species. Differences among the populations studied in this work must be mainly due to the isolation originated by its life-history and, most recently, by habitat fragmentation.
Recommendations for Conservation
Our study on the genetic structure of Betula pendula subsp. (IUCN 2001 ). The diversity measured in this work is, however, considerably high. This can mean that a significant loss of diversity through genetic drift has not been detected, probably because the size of the populations is not critically low (Ellstrand and Elam 1993) . Different considerations must be taken into account in populations from 'Sierras of Cazorla, Segura and Las Villas', where the limited population size could affect the diversity, and in consequence, their survival.
Although at this moment the size of some of the populations included in this work could be big enough to maintain a high level of diversity, the severe isolation suffered by this taxon makes it necessary to develop conservation strategies in order to avoid population decrease and, therefore genetic depauperation. Other factors such as environmental stochasticity and anthropic alterations of the habitat should be considered.
In conclusion, and taking into account the management of the endangered populations, we suggest the following guidelines:
The strong genetic differentiation found among populations of Betula pendula subsp. fontqueri allows us to suggest that each population should be considered as a distinct management unit. This implies that ex situ conservation strategies (seed collected, clonal multiplication, etc.) should be separately developed; and beside, distinct conservation programmes should be implemented for the in situ management of Betula pendula subsp. fontqueri populations, with the exception of the three populations located in the Natural Park of 'Sierras of Cazorla, Segura and Las Villas' (Pontones, Acebeas and Aguascebas), which could be considered as a same management unit.
The high genetic differences between Sierra Nevada and the other populations suggest the need to consider separately, and with special attention, the development of the management conservation programme for this population.
From a taxonomic point of view, the slight differences found between the Riofrío popula-tion (which is classified as var. parvibracteata within this taxon) and the other populations from the var. fontqueri, should be considered. And then, its taxonomic status should be clarified in order to design a more convenient conservation programme for the species. Similarly, a taxonomic revision of Sierra Nevada population could explain the great differences found between this population and the others.
Finally, the use of RAPDs to determine the genetic structure of Betula pendula subsp. fontqueri populations has proved to be a useful tool. Besides, RAPDs should find a wider range of uses for plant population studies, notably genetics applications, in the field of genetic conservation, where molecular markers need to be developed at a reasonable cost (Hardy 2003) .
